In a very short time, direct (hetero)arylation polymerization (DHAP) has established itself as a valuable and atomeconomical alternative to traditional cross-coupling methods such as the Migita-Stille and Suzuki-Miyaura polymerizations for the synthesis of low cost and efficient conjugated polymers for organic electronics. Because of sustained research efforts combining in-depth theoretical calculations, the development of new ligands and the careful fine-tuning of polymerization conditions, selectivity and reactivity issues should be soon a thing of the past. This focus review highlights the recent advances that lead to defect-free polymeric semiconductors and conductors and the current limitations and challenges of DHAP as it moves toward simultaneously becoming an industrially feasible, environmentally friendly, and synthetically powerful polymerization technique.
Introduction
In recent decades, conjugated polymers have received a large amount of attention from both academic and industrial laboratories since they combine the best features of metals or inorganic semiconducting materials (excellent electrical and optical properties) with those of synthetic polymers (simple processing, mechanical flexibility, low cost). This synergy not only makes these materials useful in existing optoelectronic devices but also creates completely new opportunities. Because of major technological progress, conjugated polymers are now considered one of the most promising classes of materials for fabricating efficient photovoltaic [1] [2] [3] [4] and thermoelectric cells [5, 6] , lightemitting diodes [7] [8] [9] , field-effect transistors [10] [11] [12] [13] , chemical and biochemical sensors [14] [15] [16] , and electrochromic devices [17] [18] [19] [20] ; the list continues to grow. Since conjugated polymers can be solubilized in common solvents, processing techniques such as inkjet printing, spin coating, and large-scale roll-to-roll coating techniques widely used for thermoplastics are now feasible for the low-cost fabrication of various electronic and optical devices. This field of research, known as organic electronics, is therefore highly interdisciplinary, integrating fundamental sciences such as chemistry, physics, and biology as well as applied sciences and engineering. However, it must be recognized that the emergence of this research field has been highly dependent on the availability of robust, efficient and relatively simple building blocks and polymerization methods (e.g., Suzuki-Miyaura [21] , Migita-Stille [22] , Kumada [23] , Negishi [24] , Heck [25] , metathesis [26] [27] [28] , Ziegler-Natta [29, 30] ) to afford well-defined and reproducible conjugated polymeric semiconductors and conductors.
Owing to their versatility and predictable reactivity, these powerful polymerization tools have allowed the development of a myriad of new conjugated polymers [31] . On the downside, these state-of-the-art synthetic methods require multiple synthetic steps, expensive intermediates, and toxic organometallic intermediates, impeding industrial scale-up. Cheaper and more efficient synthetic procedures would clearly be a great asset for the preparation of conjugated polymers and their large-scale applications. Along these lines, the metal-catalyzed (usually palladium-catalyzed) direct (hetero)arylation of aromatic compounds was recently developed. First utilized for the synthesis of small molecules [32] [33] [34] [35] [36] , we [37] and two Japanese research groups [38, 39] have pioneered the utilization of direct (hetero) arylation reactions for the preparation of high-molecularweight conjugated homopolymers and copolymers. These reactions are believed to follow a base-assisted concerted metalation-deprotonation (CMD) mechanism (see Scheme 1). During this process, carboxylate or carbonate anions coordinate to the metallic center and assist in the deprotonation transition state [40] . Conceptually, direct (hetero)arylation polymerization (DHAP) exhibits several key benefits over well-established cross-coupling polymerization methods such as Suzuki-Miyaura or Migita-Stille: (1) fewer reaction steps; (2) easier purification; and (3) benign acidic (HX) byproducts. Indeed, as shown in Scheme 2, these new reactions allow the formation of carbon-carbon bonds between (hetero)arenes and (hetero) aryl halides without the need for organometallic intermediates, thereby significantly reducing both the number of synthetic steps and cost. As stated by Facchetti and collaborators in 2012 [41] , DHAP opens new possibilities for the efficient and sustainable synthesis of semiconducting and conducting polymers, which should then facilitate their entry into the optoelectronic market.
However, it is important to underline that certain factors are especially important regarding polymerization methods. For instance, the selectivity of direct (hetero)arylation reactions represents a major challenge because organic molecules display several C-H bonds with comparable reactivity. As C-H bond activation is a crucial step of DHAP, activation of the wrong bond during polymerization can lead to structural defects in the polymer. When one considers polymerization reactions, it is worth noting that structural defects such as branching and homocoupling (Scheme 3) cannot be removed by purification processes, as these defects are chemically embedded within the polymer chains, leading to poor performance in electronic and optical devices. Moreover, side reactions can interfere with the initial stoichiometry between monomers, creating illdefined low-molecular-weight materials. For these reasons, many direct (hetero)arylation protocols reported for small molecules cannot be applied directly to the synthesis of high-molecular-weight polymers. Indeed, only synthetic methods that combine both high yield (>98%) and high selectivity can be considered for the preparation of welldefined polymeric materials.
Although not unique to direct (hetero)arylation [42] [43] [44] [45] [46] , for the reasons mentioned above, selectivity issues (i.e., homocoupling and branching) have been rapidly identified as the Achilles heel of DHAP. Even the very first reports on DHAP mentioned the presence of such irregular couplings [37] [38] [39] 47 ]. However, one may consider that DHAP is still in its infancy and that there is plenty of room for improvements. In this regard, to solve these selectivity problems, many approaches have been recently tested. In this focus review, we would like to highlight those recent advances in the preparation of well-defined conjugated polymers by DHAP and propose some promising ways to obtain general and robust access to well-defined-and hopefully defect-free-conjugated polymers. 
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Aryl-based conjugated polymers
Aryl-containing conjugated polymers, such as poly(phenylene) [48] , poly(fluorene) [49] , poly(carbazole) [50] , and poly (isoindigo) derivatives [51] , are generally prepared from Suzuki cross-coupling reactions. This synthetic approach usually involves the copolymerization of dibromoarenes with other arenes bearing, in most cases, pinacol boronic ester groups. Interestingly, careful analyses have revealed that when dibromoarenes are copolymerized under appropriate and optimized conditions (Pd source, ligands, base, additives, solvent) with (hetero)arenes, DHAP can lead to comparable if not better polymeric materials than those obtained from Suzuki couplings. Indeed, bromoarenes usually do not bear reactive enough C-H bonds to undergo either branching or homocoupling, and selective couplings at the α-positions of heteroarenes can be much better than first anticipated [40, 52] . For instance, 2,7-dibromofluorenes [52] , 2,7-dibromocarbazoles [52] , 1,4-dibromobenzenes [52] , dibromoisoindigos [53] , dibromophenanthridinones [54] , and dibromonaphthalene diimides [55, 56] have been copolymerized with various (hetero)arenes (bithiophenes, diketopyrrolopyrroles, etc.), leading to high-performance and well-defined conjugated copolymers. For example, recent solar cells based on PPDT2FBT (see Scheme 4) have exhibited power conversion efficiencies of over 11% when blended with an appropriate ntype organic semiconductor [57] . However, it must be pointed out that although specific optimized polymerization conditions have been reported for each pair of co-monomers, the general procedures shown in Scheme 4 are a good starting point for a new set of comonomers [52, 58] .
Poly(3-hexylthiophene) and related polymers
Not surprisingly, many studies devoted to direct (hetero) arylation polymerization have involved the preparation of poly(3-hexylthiophene) (P3HT) [38, [59] [60] [61] [62] [63] [64] . This semiconducting polymer is particularly important in the field of organic electronics due to its excellent properties for use in field-effect transistors and photovoltaic devices and its relatively low cost. In the early days, it was implicitly assumed that the structure of P3HT was a simple repetition of the monomeric motif. However, it was rapidly established that this is not the case; for instance, the asymmetric structure of 3-hexylthiophene can lead to head-to-head and tail-to-tail structural defects in poly(3-hexylthiophene) [31] . It was anticipated that a nearly perfect head-to-tail structure would lead to optimal properties. Well-defined (98% headto-tail) and high-performance poly(3-hexylthiophene) is now obtained through Grignard metathesis polymerization (GRIM) [65] . We and Ozawa [62] investigated the preparation of P3HT by DHAP and showed that nearly perfect P3HT can be obtained using either asymmetric 2-bromo-3hexylthiophene or 2-bromo-4-hexylthiophene precursors (see Scheme 5) .
To further investigate possible branching side reactions within polythiophene derivatives, monohalogenated quaterthiophene model compounds were studied [66] (see Scheme 6) . These well-chosen structures allowed studies to focus on branching side reactions while avoiding any misleading results that may arise from homocouplings (which in the present case are not going to affect the properties of the resulting symmetric homopolymers) or variations in the stoichiometry that may occur when two comonomers are utilized. This work revealed that it is important to add some steric hindrance to promote the selectivity of the αcouplings. This steric hindrance may come from adjacent substituents (Monomer A in Scheme 6) or from the addition of bulky acidic additives such as neodecanoic acid (NDA) [59, 66, 67] or 2,2-diethylhexanoic acid (DEHA) [67] .
Other thiophene-based conjugated polymers
To date, most thiophene-based conjugated copolymers studied in organic electronics have been prepared from Stille cross-coupling reactions [42, 68] . Although this polymerization method is robust and dependable for labscale applications, the need for stannylated reagents 
Scheme 4 Synthesis of PPDT2FBT
Direct (hetero)arylation polymerization: toward defect-free conjugated polymers prevents its use in industry. In addition to their inherent toxicity, the most common organostannanes used for polymerization, trimethylstannyl and tributylstannyl, each come with their own synthetic and purification difficulties. Clearly, a scalable and tin-free polymerization method would greatly facilitate their large-scale preparation. For this purpose, many studies have involved the synthesis of some of the most efficient thiophene-based conjugated copolymers by DHAP. Interestingly, over the past few years, many examples have shown that polymers obtained by DHAP can outperform those obtained by Stille crosscoupling either in polymer solar cells or in OFETs [31, 69, 70] . Despite long being considered well-defined and defectfree, thorough characterization has shed light on the flaws of materials obtained from the widely used Suzuki-Miyaura and Migita-Stille cross-coupling reactions. Indeed, it has been shown that traditional polymerization reactions can generate even more defects than those sometimes found in DHAP-prepared materials [46] . Side reactions, as identified in the Migita-Stille coupling and homocoupling of stannanes, are one of the most common sources of defects. Extensive degassing of the reaction mixture is of paramount importance to prevent or limit homocoupling, which is claimed to be mediated by atmospheric oxygen. Other side reactions, such as hydrolytic destannylation and reductive debromination, which affect the rate of the polymerization reaction, can lead to undesirable batch-to-batch variation. In addition to these drawbacks, the toxicity of stannane byproducts is an intrinsic problem preventing large-scale synthesis. On the other hand, the Suzuki-Miyaura crosscoupling polymerization, while safer and less toxic than the Migita-Stille coupling, also has its own issues, including homocoupling, dehalogenation and hydrolytic deborylation, leading to batch-to-batch variation [71] . In particular, Neo et al. have reported DPP-based polymers obtained from Stille polymerization processes using different palladium catalysts. They obtained polymers with varying structural regularities displaying drastically different electro-optical and morphological properties and hence dissimilar electrochromic performances [72] . Even more troubling and counterintuitive, Hong et al. reported that PDQT polymers that were synthesized using different polymerization methods and that had confirmed homocoupling defects imbedded in their conjugated backbones exhibited better OTFT performance than the "perfect" structurally well-defined PDQT [75] . However, as already mentioned in the above sections, DHAP has its own limitations that are highly substrate dependent. Indeed, it was rapidly noticed that some brominated thiophene derivatives can lead to branching or even cross-linking together with homocoupling side reactions. [40] . In this regard, recent studies have shown that the choice of the comonomers may strongly influence the structure and properties of the final copolymers [76] [77] [78] . For instance, Li et al. reported that a relatively well-defined copolymer can be obtained when dibromodiketopyrrolopyrrole is copolymerized with bithiazole, while an illdefined material is obtained when diketopyrrolopyrrole is copolymerized with dibromobithiazole [77] (see Scheme 7) . All these results indicate that the reactivity of brominated aromatic compounds strongly depends on their chemical structure [78] .
Toward defect-free conjugated polymers Some detailed investigations have been recently carried out by several research groups with the ambitious goal of suppressing defect formation pathways in DHAP [66, 67, [78] [79] [80] [81] [82] [83] . In many cases, the addition of sterically hindered acidic additives or the presence of large ligands has revealed a positive effect on the selectivity of the crosscoupling reactions. However, too bulky ligands such as adamantyl ligands may limit the reactivity of the system, giving well-defined but low-molecular-weight materials [84] . It was also observed that in some cases, the addition of a second ligand, such as tetramethylethylenediamine (TMEDA), can lead to more regular alternating copolymers. The authors explained their results by a reduction in the hydrodehalogenation of the (hetero)aryl halides, leading to higher molecular weights and less homocoupling and branching [81, 82] . It was also reported that Pd 2 dba 3 seems to be an adequate source of palladium(0) that provides enough reactivity while limiting oxidative homocoupling defects in solvents such as THF, 2MeTHF or toluene. Lower polymerization temperatures may also contribute to higher number-average molecular weight (M n ) values while decreasing dispersity [67] . Along with catalysts and ligands, the choice of solvent has proven to be of paramount importance to obtain well-defined materials by DHAP [85] [86] [87] .
Interestingly, it is possible to theoretically evaluate the reactivity of competing C-H bonds on different monomers within a given set of coupling partners [78] . These computational studies could become a useful tool to predict which (hetero)arenes could be selectively polymerized with which (hetero)aryl halides. Finally, although it cannot be considered a general solution to β-branching, the utilization of fluorinated monomers is particularly appealing for DHAP. In addition to the fact that the presence of fluorine atoms limits side reactions, it also increases the reactivity of the monomers [88, 89] . For instance, recent studies based on fluorinated DPP derivatives [88] have exhibited very interesting results, with some polymers showing power conversion efficiencies doubling those of their nonfluorinated counterparts, as well as higher hole and electron mobilities.
Perspectives
Clearly, this new direct (hetero)arylation polymerization methodology is poised to change the way conjugated polymers are prepared. As described above, it is already 
Scheme 7 Polymer performance depending on monomer choice
Direct (hetero)arylation polymerization: toward defect-free conjugated polymers possible to prepare well-defined (without detectable homocoupling or branching defects) aryl-containing conjugated polymers, whereas some thiophene-based conjugated polymers still present some challenges. On the basis of the most recent advances in this field, it is proposed to investigate in more detail the polymerization of thiophenebased monomers with bulky acidic additives or sterically hindering ligands in the presence of a palladium(0) catalyst.
Among other potential strategies, oxidative C-H/C-H type coupling should also be further explored. In this case, H 2 is the only main byproduct. Interesting homopolymerization results were reported in the literature with 3hexylester-thiophene [90] and some symmetric monomers [91] , but the real challenge will be the development of orthogonal C-H activation of electron-poor and electronrich comonomers for alternating cross-coupling reactions, such as the work recently reported by Kanbara [92] . The utilization of a heterogeneous catalyst system to limit the cost and the level of residual palladium contamination is another topic that deserves further investigation [93] . Finally, to make another step toward low cost and reproducible synthesis, continuous flow methods should be applied to DHAP. As recently shown by our group and collaborators [53] , this method helps to solve a common problem encountered in conjugated polymer synthesis, namely, batch-to-batch variations.
Ultimately, the main goal is to prepare defect-free polymeric semiconductors and conductors with minimal difficult-to-remove byproducts. This important task is being investigated by many research groups worldwide, and we are confident that direct (hetero)arylation polymerization will provide soon unprecedented opportunities for the largescale, efficient, and highly desirable eco-friendly production of conjugated polymers.
